The lack of knowledge concerning modelling existing buildings leads to signifi cant variability in fragility curves for single or grouped existing buildings. This study aims to investigate the uncertainties of fragility curves, with special consideration of the single-building sigma. Experimental data and simplifi ed models are applied to the BRD tower in Bucharest, Romania, a RC building with permanent instrumentation. A three-step methodology is applied: (1) adjustment of a linear MDOF model for experimental modal analysis using a Timoshenko beam model and based on Anderson's criteria, (2) computation of the structure's response to a large set of accelerograms simulated by SIMQKE software, considering twelve ground motion parameters as intensity measurements (IM), and (3) construction of the fragility curves by comparing numerical interstory drift with the threshold criteria provided by the Hazus methodology for the slight damage state. By introducing experimental data into the model, uncertainty is reduced to 0.02 considering S d (f 1 ) as seismic intensity IM and uncertainty related to the model is assessed at 0.03. These values must be compared with the total uncertainty value of around 0.7 provided by the Hazus methodology.
Introduction
While the global rate of seismic activity remains constant, growing urbanization increases the number of buildings and populations exposed to seismic hazards. Jackson (2006) considers that in view of the recurrence interval of mega-earthquakes with respect to the start of mega-city urbanization, most huge urban centers around the world have not yet suffered a strong earthquake, which implies major urban catastrophes in the future. The assessment of seismic vulnerability in existing buildings is therefore a key issue for predicting and reducing seismic risk in modern industrialized societies. Empirical methods have been fi rst developed for global scale assessment (e.g., FEMA, 2003a; GNDT, 1986; Risk-UE, 2003; Gueguen et al., 2007) , based on expert opinions and post-earthquake observations. Damage matrices have been developed giving damage rates for a given seismic hazard, usually expressed in macroseismic intensity. These methods lead to high levels of uncertainty in predictions, due to poor knowledge of the design and behavior of buildings, the complexity of structural damage mechanisms and the relationships between seismic ground motion and the damage state of the building (Michel et al., 2012) . Kappos et al. (2006) and Douglas (2007) suggest that the main problem in constructing empirical vulnerability functions or fragility curves (i.e., expressing the exceedance probability of a damage state for seismic ground motion parameters) is due to the lack of observational data for several ranges of ground motion or intensity measurements (IM). This problem becomes crucial in moderate seismic hazard prone regions, where the recurrence interval of signifi cant earthquakes may be long. A direct consequence of the low number of observations is the higher level of uncertainty in the construction of fragility curves. One solution for signifi cantly reducing uncertainty consists in improving our understanding of the building's response and its seismic behavior in the event of an earthquake. Kappos et al. (2006) bypassed this diffi culty by proposing a hybrid method, mixing empirical approaches and expert judgments for the moderate shaking, and nonlinear analysis for the highest intensities. Nevertheless, the second step requires a relevant defi nition of the building model, which remains diffi cult for a single existing building. Spence et al. (2003) claim that the main source of uncertainty is epistemic, due to the classifi cation of buildings according to vulnerability and attributing generic behavior to each construction class. Pinho et al. (2002) and Crowley and Pinho (2004) suggest using height-dependent relationships to estimate the vibration period of existing buildings, for integration into the performance-based methodology for vulnerability assessment. However, simplifi ed relationships may introduce uncertainty in estimates of the fundamental period (Michel et al., 2010b; Gallipoli et al., 2010) , which may ultimately increase fragility curve uncertainties.
One solution consists of using experimental data, such as the fi tness of existing buildings model. Most of the scientifi c papers dealing with experimental testing under seismic loading focus on understanding their structural dynamics, seismic response or soilstructure interactions (e.g., Trifunac, 1972; Celebi et al., 1993; Bard, 1988; Meli et al., 1998; Ventura and Ding, 2000; Clinton et al., 2006; Todorovska and Trifunac, 2007) and rarely on how to integrate them into seismic vulnerability assessments. However, strategies that consist of improving model parameters using experimental results have been updated, mainly using ambient vibrations recordings (e.g., Volant et al., 2002; Michel et al., 2010a) . For example, Michel et al. (2010b) provides height-period relationships for the design of French buildings based on the operative modal analysis (OMA) method using ambient vibrations. This study shows how the period can fi x the fi rst (elastic) part of capacity curves for existing buildings grouped in typologies and then reduce the epistemic uncertainties of the fragility curves. Boutin et al. (2005) proposes to integrate the experimental building analysis based on ambient vibrations for estimating the seismic integrity threshold, i.e., the boundary between the damaged and undamaged states, for a given seismic intensity. Michel et al. (2012) recently defi ned a methodology for defi ning experimental fragility curves for slight damage, proposing to reduce epistemic uncertainties by performing modal analysis of the buildings using ambient vibrations and considering slight damage as the end of the elastic domain of building behavior.
Another solution is to introduce earthquake data recorded in the building to update its model and defi ne its fragility curve. This solution improves understanding of the seismic response of a stand-alone structure to seismic loading and ultimately reduces the sigma value of its fragility curve, hereafter referred to as the single-building sigma. It also provides some analysis of the variability of the seismic response related to input seismic ground motion recorded at the bottom. This is the main objective of this study, applied to a specifi c building in Romania, without considering the uncertainties from the material quality, the modelling or the boundary condition generally considered for numerical approach, but from the experimental data used to fi x the building model. After describing the BRD tower in Bucharest, a building with permanent instrumentation since 2003 (Aldea et al., 2004) and used as a case study in this research, the Michel et al. (2012) method is briefl y presented in Section 3. An adjustment for defi ning the modal model of the building using a Timoshenko beam model adjusted with experimental data is explained in Section 4. The originality of this study is to provide new information on the uncertainties of building fragility curves, by testing the infl uence of two main sources of variability: the dynamic parameters of the building model and the input seismic ground motion IM also related to earthquake parameter demand (EPD). This discussion is presented in Section 5. Finally, the seismic vulnerability of the BRD tower is discussed and compared with an empirical assessment based on the Hazus approach in Section 6.
BRD tower
The BRD-Société Générale Bank high-rise building ( Fig. 1 ) was designed and built in 2001-2003, in compliance with the provisions of the Romanian Seismic Design Code P100-92. It is an offi ce building with a dual reinforced concrete structure (inner shear-wall tube and perimeter frames), comprising three underground stories, a ground fl oor and 18 stories (Mironescu et al., 2003) . The plane dimensions are about 26 m in the transversal (T) direction and 54 m in the longitudinal (L) direction. The tower is 74 m high. Based on PS logging measurements, average shear wave velocity over the upper 30 m at the BRD tower site is V S, 30m = 284 m/s, (Aldea et al., 2006) , which corresponds to Eurocode 8 ground type C (deep deposits of dense or medium dense sand, gravel or stiff clay with thickness from several tens to many hundreds of meters, V S, 30m = 180 -360 m/s). Average shear wave velocity over a depth of 110 m is (JICA, 2007; Aldea et al., 2006) . The instrumentation consists of one acquisition station (K2, Kinemetrics) with two tri-axial acceleration sensors (Episensor FBA ES-T, Kinemetrics), one sensor at the top of the building (+ 69.6 m) and the other one on the foundation slab, at the third underground level, -9.3 m). The sensors are located in an almost central position near the inner shear-wall tube, and the top and basement sensors are on the same vertical axis of the building (Aldea et al., 2007) .
Since measurement started, several earthquakes have been recorded in the building. The list of recorded earthquakes used in this study is given in Table 1 . The largest is the October 27, 2004 (M w = 6.0) earthquake, coming from the Vrancea subcrustal source region (focal depth between 60 km and 170 km), located about 110-140 km north-east. Additional moderate to strong crustal events are also considered herein.
Method
A fragility curve is generally given as the conditional probability P[D = j|i] that a building exceeds a given damage state j for a given level of seismic input i. The Hazus methodology (FEMA, 2003b) provides fragility curves for several classes of buildings and damage levels: slight, moderate, extensive and complete. In the literature, several functions exist for assessing seismic vulnerability using empirical (Spence et al., 1992; Orsini, 1999) or analytical (Onose, 1982; Singhal and Kiremidjian, 1997) approaches. A critical review of existing fragility curves can be found in Rossetto and Elnashai (2003) . They are usually expressed by the cumulative distribution function of a normal (Spence et al., 1992) or most often lognormal (Milutinovic and Trendafi loski, 2003; FEMA, 2003a; McGuire, 2004) distribution. In this study, a lognormal distribution is used, characterized by a median value μ and the corresponding lognormal standard deviation σ, such as: Michel et al. (2012) divided the standard deviation σ of the fragility curve into three parts: σ mod corresponding to the lack of knowledge of the model or the behavioral differences within a single class, σ IM related to seismic ground motion, i.e., due to selection of the seismic intensity parameter providing the least variability of building response, and fi nally σ dam related to the thresholds characterising the lower boundary of each damage state. Assuming their independence, total variance σ 2 is given by:
A complete description of the method can be found in Michel et al. (2012) , summarized here. This method implements a three-step procedure. The fi rst step consists of adjusting the elastic multi-degreeof-freedom (MDOF) model obtained by testing. The second step is the MDOF seismic response assessment, using a linear approach based on Duhamel's integral for a large number of time history input motions, regularly distributed within a wide range of IM. Finally, the third step consists of computing for each range of IM the probability (number) of exceeding the damage threshold corresponding to slight damage. Only slight damage is considered here since the elastic-linear model is used : Michel et al. (2012) considered the elastic domain as being valid until the end of the undamaged state of the structure. The three steps are described in Sections 3.1 to 3.3 and then applied to the BRD tower.
Step 1. Building model
In this study, the Frequency Domain Decomposition (FDD) technique (Brincker et al., 2001; Michel et al., 2008; Michel et al., 2010a ) is applied to earthquake data in order to estimate the building frequencies. FDD is a non-parametric method, i.e., no a priori information of the building model is required. It consists of computing the Fourier spectra of the cross-correlation matrix of simultaneous recordings. Brincker et al. (2001) applied the Power Spectra Density to decompose the response into singular vectors (i.e., an estimate of the mode shapes Φ) and scalar singular values (i.e., resonance frequencies). This method has been successfully applied to earthquake data (Ventura et al., 1995; Michel et al., 2008; Michel et al., 2010a) and comparison with numerical modelling (Turek et al., 2006; Michel et al., 2008 Michel et al., , 2010a shows the robustness of this method.
In order to confi rm this robustness, twenty-fi ve accelerograms recorded at the bottom and at the top of the building were processed using the FDD method. Three sets of accelerograms were considered (Table 2) , depending on the magnitude of peak ground acceleration (PGA):
(1) Set 1: recordings with PGA < 3.5 cm/s 2 , corresponding to 18 earthquakes; (2) Set 2: recordings with PGA > 3.5 cm/s 2 ; corresponding to 7 earthquakes; (3) Set 3: one single recording with PGA = 36.8 cm/s 2 , corresponding to the strongest ground motion recorded since the building was instrumented (2004/10/ 27 earthquake, M = 6.0). Table 2 provides the results of the modal analysis. The same values are obtained regardless of the level of shaking, so the building's behavior can be considered to remain elastic. As the fi rst set corresponds to the lowest intensities, subsequent frequencies will be considered as characterising the elastic response of the BRD building. The frequencies of horizontal translations are f 1T = 1.11 Hz and f 2T = 4.56 Hz and f 1L = 1.47 Hz and f 2L = 5.82 Hz, in the transverse (T) and longitudinal (L) directions, respectively, for the fi rst (1) and second (2) modes, in agreement with previous results (Aldea et al., 2007) .
Based on the f 2 /f 1 ratio, a theoretical continuous beam model can be produced (Clough and Penzien, 1993) : f n = (2n-1) . f 1 and f n = ((2n-1)/1.194) 2 . f 1 for the shear and the bending beams, respectively. In practice, real buildings often have a frequency series in between these two models, resulting from the design of the structure associating shear and bending behavior. In this study, the Timoshenko beam model is used . The equation of the behavior becomes (Hans, 2002) :
where EI and K corresponds to the bending and shear stiffness, respectively. A dimensionless parameter C is introduced as the ratio between the bending and the shear behavior Michel et al., 2006) :
where L is the pseudo-length of the beam (L = H/2π, with H the length of the beam). Having obtained the frequency ratio f k /f 1 , the Timoshenko parameter C can be calculated using the following formula:
where δ k is a series of dimensionless wave numbers
Finally, knowing the δ k series and parameter C, the theoretical mode shapes are expressed as follows (Hans, 2002) :
For C = 0, the Timoshenko beam corresponds to a pure bending beam, whereas for C = +∞, it corresponds to a pure shear beam (Fig. 2) . According to Boutin et al. (2005) , a structure can be considered as having the same behavior as a pure bending beam if C < 0.05 and the same behavior as a pure shear beam if C > 5. The comparisons made by Boutin et al. (2005) and Michel et al. (2006) confi rm the reliability of the Timoshenko model compared to that obtained by ambient vibrations on existing buildings using OMA techniques. Perrault and Gueguen (2010) also examine the effi ciency of this model for computing experimental fragility curves.
The major advantage of this approach that must be highlighted is the frequency ratio that can be easily obtained by frequency analysis of short-time recordings of ambient vibrations done only at the top of the structure giving the modal model of the existing structure, without any design or material assumptions. In this study, the BRD tower corresponds to Timoshenko models C T = 0.159 and C L = 0.195, in the transverse and longitudinal directions, respectively. The value of the C coeffi cient is similar to those given by Michel et al. (2006) and corresponds to this category of buildings. The shear effect is more important than the bending effect, also confi rmed by the mode shapes (Fig. 3) . In this study, two MDOF models are defi ned, taking into account the frequency ratios in both horizontal directions and using Eq. (6).
Step 2. MDOF building response
Assuming a building of regular mass and stiffness distribution, the BRD tower is modelled using one MDOF-1D linear lumped mass model for both the transverse and longitudinal directions. Knowing the modal parameters, i.e., frequencies, damping and mode shapes, the displacement vector U(t) at each fl oor of the structure is computed for any ground motion displacement vector U s (t) using the equation (Clough and Penzien, 1993) :
where y(t) is determined using the Duhamel's integral :
with   the participation factor of the mode j, M is the regular mass matrix, N is the number of stories and Φ, ζ and ω are the mode shapes, damping ratios and frequencies of the building, respectively.
The higher modes are then accounted for in the building's response and no additional information on mass and rigidity distributions is required. Michel et al. (2008 Michel et al. ( , 2010a Michel et al. ( , 2012 tested the effi ciency of this approach compared with real data and numerical modelling to reproduce the elastic building motion under moderate shaking, although 3D behavior including torsion mode and soil-structure interaction effects are not included in the model. In this study, the damping ratio was obtained by adjusting synthetic to real data according to Anderson's criteria (Anderson, 2004) , which is discussed in the following section.
Step 3. The fragility curves
In the literature, several different measurements of seismic intensity for input motion are considered as being well correlated with damage (e.g., Cabaňas et al., 1997; Wald et al., 1999) . These parameters correspond to the intensity measurement (IM) of ground motion in engineering seismology and are sometimes called Engineering Demand Parameters (EDP) in earthquake engineering. In this study, thirteen different ground motion parameters named P IM (i.e., parameter of ground motion intensity measurement) are considered for the fragility curves: peak ground acceleration (PGA), velocity (PGV) and displacement (PGD), spectral
S v (f 2 ,ζ 2 )] and acceleration [S a (f 1 ,ζ 1 ), S a (f 2 ,ζ 2 )], fi rst (1) and second (2) modal frequencies, Arias Intensity (Ia; Arias, 1970), Housner Intensity (Ih; Housner, 1952) and Cumulative Absolute Velocity (CAV; EPRI, 1991).
Seismic input motions were generated using the SIMQKE procedure (Gasparini and Vanmarcke, 1976) , taking several classes of EC8 response spectra (CEN, 2004) as targets. Using this procedure, a wide range of seismic demand values (from weak to strong) was obtained, a key condition for constructing a continuous fragility curve. In the original code, a white-noise time series was fi ltered with a trapezoidal envelope in time. The phase of the output time histories was chosen randomly. In a previous study (Perrault and Gueguen, 2010; Causse et al., 2013) , the original version was modifi ed by using natural phase accelerograms to obtain more realistic output time histories. Natural accelerograms were selected from the French Accelerometric Network database (RAP, Péquegnat et al., 2008) , corresponding to moderate seismic hazard prone regions, with the same range of magnitude and distance as Romania. Only data corresponding to earthquakes with magnitude M > 4, focal depth less than 10 km, and recorded at epicentral distances of less than 40 km were selected, corresponding to 18 events and 36 records. For each component, 32 synthetic accelerograms were generated, with target spectra defi ned in Eurocode 8 and corresponding to the following parameters:
The four main classes of buildings (i.e., Class I: buildings of minor importance for public safety; Class II: ordinary buildings, not belonging in the other categories; Class III: buildings whose seismic resistance is important in view of the consequences associated with collapse; Class IV: buildings whose integrity during earthquakes is of vital importance.
Four intervals of accelerations were considered, equivalent to moderate seismic hazard prone regions: low seismicity, with a peak ground acceleration a g of 0.7 m/s 2 ≤ a g < 1.1 m/s 2 ; moderate seismicity, with 1.1 m/s 2 ≤ a g < 1.6 m/s 2 ; medium seismicity, with 1.6 m/s 2 ≤ a g < 3.0 m/s 2 ; high seismicity, with 3.0 m/s 2 ≤ a g . The two types of earthquakes (i.e., Type 1 earthquakes corresponding to moderate to high seismic regions (with a surface magnitude M s > 5.5) and Type 2 earthquakes corresponding to low seismic regions (M s < 5.5) and near fi eld earthquakes).
Site conditions of the RAP stations were kept for the soil class of the target response spectra. A total of 2304 synthetics are fi nally considered in this study.
Finally, the damage is computed based on the FEMA (2003a) document which provides, for each building class, thresholds for each damage state based on the interstory drift (ISD) limit. ISD is computed as the relative displacement of one story divided by story height. For each range i of P IM [P IM, i , P IM, i+1 ], at least 20 samples were considered. ISD was computed using the Timoshenko model (Eq. (9)) and the Duhamel integral (Eq. (11)). The number of runs exceeding the drift limit corresponding to FEMA's slight damage state leads to the probability P[d ≥ "slight"]. This limit is chosen to be in conformity with the elastic and linear validity of the model based on moderate to small shaking, as proposed by Michel et al. (2012) . Finally, the process was repeated for all [P IM, i , P IM, i+1 ] intervals and the fragility curve was obtained by fi tting the points with the function described in Eq. (1). The lognormal standard deviation obtained at this step corresponds to the uncertainty σ IM relative to the seismic hazard (Eq. (2)).
Adjusting the BRD model using the Anderson's criteria
In this study, and using the Timoshenko's beam modelling strategy for the building, damping is not directly extracted from the data. In order to avoid discussions on the damping value assessment using existing methods and its variation with building deformation, several damping values were tested to adjust the BRD model. Time histories of building motion at the top were computed using Equations (6) to (8) considering ten values of damping (0.1%, 0.5%, 1%, 2%, 3V, 4%, 5%, 6%, 7% and 10 %) and compared with observations. Fives modes were considered for the model in both horizontal directions and for the twentyfi ve available earthquakes (Table 1) After fi ltering the accelerograms on each frequency band, ten parameters were compared: peak acceleration (PGA), peak velocity (PGV), peak displacement (PGD), Arias intensity (Ia), integral of velocity squared (Iv), Fourier spectrum (Fs), acceleration response on a frequency-by-frequency basis (Sa), shape of the normalized integrals of acceleration (Da), velocity squared (De) and cross correlation (C*). Anderson applied these criteria to seismic ground motion recordings and some parameters may not be adapted to the building's response (e.g., response spectra in the building). Nevertheless, all the parameters proposed by Anderson were considered in this study and the same names were used for the criteria. For each parameter para, a score S para was computed giving values between 0 and 10 ; according to Anderson (2004) , a score below 4 indicates poor fi t, a score between 4 and 6 a fair fi t, a score between 6 and 8 a good fi t and a score over 8 an excellent fi t. Figure 4 shows an example of the 2D radar chart representation of Anderson's criteria corresponding to the strongest seismic intensity (Table 1, October 27, 2004 earthquake, M W = 6.0) recorded in the T direction and considering the Timoshenko model with 1% damping. This fi gure displays a summary of goodness-of-fi t for the six frequency ranges, criterion by criterion. In this example, all the criteria are over 6 (good fi t), except for the S Fs criterion (poor fi t). Anderson (2004) assumes this criterion usually provides the most restrictive score because it requires that the Fourier amplitude fi ts at each frequency.
Figure 5 (a) shows the best goodness-of-fi t of Anderson's criteria results for several damping values and considering the twenty-fi ve earthquakes (Table 1) . Both T and L directions were considered, and the scores were computed by averaging the scores corresponding to the six frequency ranges. The higher scores were obtained for damping equal to 1% (S average = 6.61) and 4% (S average = 5.97), in the T and L directions, respectively. For this value of damping in the T direction, all scores were over 6 (good fi t) with S Da and S De scores over 8 (excellent fi t), except for S Fs , whose values were between 2 and 4 (poor fi t). In the L direction, six criteria presented a score over 6 (good fi t), three had a score between 4 and 6 (fair fi t) and the S Fs score remained below 4 (poor fi t).
The effect of the frequency band is shown in Fig. 5 To conclude, the Anderson criteria analysis gives experimental validation of the simplifi ed models of the BRD building in the range of shaking level produced by the earthquakes. Two different Timoshenko models were defi ned in order to represent the building's behavior in the two horizontal directions. The models are different because they were defi ned on the basis of different values of frequency ratios and different values of 
Uncertainties of the fragility curves
As assumed by Spence et al. (2003) , the lack of knowledge regarding existing building models contributes to the uncertainties of fragility curves, called σ mod in Eq. (2). Other uncertainties come from the relationships between the seismic intensity parameters and the damage state, called σ IM . In this study, the effects of the variability of the modal parameters were tested, i.e., frequency and damping, and the ground motion parameters of the fragility curve were computed according to the aforementioned methodology. This uncertainty is directly related to the standard deviation of the lognormal distribution given in Eq. (1). Uncertainty resulting from the damage threshold σ dam was not studied. Nevertheless, since the BRD tower was initially classifi ed as belonging to the C1H class of the Hazus typology, i.e., a RC moment resisting frame building with at least 8 stories, with an earthquake provision corresponding to the Moderate Code design level, the ISD threshold corresponding to slight damage is 0.0025 m/m and σ dam is proposed to be 0.4 (FEMA, 2003a) . This uncertainty (and those found in this study) corresponds to the sigma of the log-normal distribution (Eq. (1)) with the origin given in Eq. (2). Even if the threshold value is provided by Hazus as half of the regular value to account for higher modes, this threshold was kept as a reference in the methodology herein in case only the fundamental mode was detected by experimental data (as for small buildings).
Uncertainty due to the seismic demand σ IM
In this section, only the model of the BRD tower in the transverse direction (C T = 0.159) with 1% damping is considered. To test the effects of seismic intensity, a given model (σ mod = 0) and a given ISD threshold (σ dam = 0) are considered. In Fig. 6 , fragility curves are shown for the twelve ground motion parameters P IM representing noxiousness of seismic ground motion computed using the 2304 synthetic ground motions described in section 3.3. S d (f 1 ), S v (f 1 ) and S a (f 1 ) provide very slight uncertainties (σ IM = 0.02, 0.05 and 0.02, respectively). This result shows that the median value of the fragility curve gives almost the exact value of the seismic intensity parameter between the damaged and undamaged states. As expected, others parameters, such as PGA or Arias intensity, provide higher values of variability (0.62 and 0.83, respectively), indicating that they are not well correlated with damage. PGV gives a rather limited value of sigma (0.286), confi rming that velocity is fairly representative of the noxiousness of seismic ground motion, as already mentioned in empirical observations (e.g., Wald et al., 1999) .
Sigma values corresponding to S d (f 2 ), S v (f 2 ) or S a (f 2 ) at the second frequency are higher than at the fi rst frequency. In this case, the fundamental mode seems to control the building's response. However, as mentioned by Seyedi et al. (2010) , the second mode may also contribute signifi cantly to the building's response and to the seismic damage observed in buildings, depending on the resonance phenomena observed at this frequency with the seismic input motion.
Uncertainty due to the model σ mod
In this section, the variability σ mod due to the model, i.e., frequency and damping values, is analyzed considering a single building and several input ground motions. Nayeri et al. (2008) studied the variations of the modal frequencies and damping in the Factor Building, a 17-story steel frame structure located on the UCLA campus in California. The authors monitored the dynamic characteristics of this structure using ambient vibration recordings over 50 days. The results showed a variation of about 1%-2% for the fi rst modal frequencies (σ(f 1 ) = 0.01 and σ(f 2 ) = 0.02), and between 30% and 60% for damping (σ(ζ) = 2.015). Mikael et al. (2013) carried out similar studies on two French 31-story and 15-story RC buildings, based on ambient vibrations recorded over one year. They found similar frequency variations, namely about 1% (σ(f 1 ) = 0.01 and σ(f 2 ) = 0.02), although the damping variations were less than those reported by Nayeri et al. (2008) , i.e., between 10 and 30% (σ(ζ) = 0.2). Although the origin of the natural wandering of modal parameters is still under discussion (e.g., type of construction, soilstructure interaction, weather conditions, uncertainties in measurements and processing), the effects of these slight variations were tested on fragility curves. In the section below, a constant elastic frequency is assumed, even if slight frequency variations can be observed before the yield point in the experimental data.
First, with constant damping (ζ i = 1 % for i ∈[1 ; 5]) and according to the sigma values provided by Nayeri et al. (2008) and Mikael et al. (2013) , a distribution of 100 frequencies f 1 and f 2 was used, with median values given by the results of transversal direction processing (f 1 = 1.11 Hz; f 2 = 4.57 Hz, Table 3 ) considering 1% damping. A lognormal distribution of frequencies was assumed, as observed by Mikael et al. (2013) . Timoshenko models with C values corresponding to the 100 f 2 /f 1 ratios were computed, giving 100 fragility curves (Fig. 7) . Since S d (f 1 ,ζ 1 ) provides the smallest σ IM value, this ground motion parameter was conserved for seismic demand. The same lognormal distribution was considered in order to test the effect of damping variations (Table 3) with constant modal frequencies and the results are shown in Fig. 8 .
For each fragility curve, the standard deviation corresponds to the variabilities σ IM and σ mod . Since uncertainties σ IM and σ mod are considered to be independent, the different uncertainties can be written 
and
where σ dist,f (respectivelyσ dist,ζ ) is defi ned as the median variability of the fragility curve distribution corresponding to the frequency distribution (respectively damping distribution) and σ mod,f (respectively σ mod,ζ ) is defi ned as the uncertainty due to frequency variations (respectively damping variations) in the model. Uncertainty σ mod is then deduced from the median standard deviation of the fragility curve distribution and the previously defi ned estimated term σ IM . Considering the effects of frequency and damping as being independent, σ mod can be defi ned as:
The frequency distributions reported by Nayeri et al. (2008) or Mikael et al. (2013) provide similar σ dist,f , with low variation coeffi cients σ σ /μ σ , i.e., 24.7% and 27.0%, respectively; the values of σ σ and μ σ are given in Fig. 7 . The mean values of variability σ dist,f are similar, i.e., μ σ = 0.02 and μ σ = 0.02, corresponding to σ mod,f values of 0.02 and 0.01, having eliminated the variability of seismic hazard according to Eq. 9.
For damping, the coeffi cients of variations σ σ /μ σ of the distributions are higher, because of the larger variability considered in the two distributions: σ σ /μ σ = 43.4 % for the Nayeri et al. Distribution and σ σ /μ σ = 20.1 % for the Mikael et al. Distribution ; the values of σ σ and μ σ are given in Fig. 8 . However, the median values μ σ remain close to one another, corresponding to σ mod,ζ values equal to 0.02 and 0.01 
having removed σ haz according to Eq. (10). Finally, an estimate of the variability due to the model can be computed using Eq. (14). Considering lognormal distributions for frequency and damping variations, σ mod values are 0.028 and 0.020 for the Nayeri et al. (2008) and Mikael et al. (2013) distributions, respectively ; i.e., the same order of magnitude as the uncertainties σ IM given by the seismic intensity parameters (e.g., 0.02 and 0.05 for S d (f 1 ) and S v (f 1 )). Keeping σ dam = 0.40 as given by FEMA (2003a), σ mod = 0.03 and σ IM = 0.02, this results in a total uncertainty σ = 0.40, according to Eq. (2). The use of experimental data to adjust the elastic model of existing buildings (i.e., frequency, damping and mode shape, not discussed here) can be helpful for reducing the epistemic uncertainty of the fragility curve. Compared to the Hazus guidelines, which recommend a lognormal standard deviation of the fragility curves equal to 0.7, the gain of the experimental approach to reducing the uncertainties of fragility curves is signifi cant. Furthermore, and also as mentioned by Michel et al. (2010a Michel et al. ( , 2012 , in situ testing, using earthquake or ambient vibration recordings, may help to fi x the theoretical building model that is often diffi cult to apply to existing buildings.
Seismic vulnerability of the BRD tower
In this section, the previously defi ned uncertainties are taken into account to defi ne the fragility curve of the BRD tower, i.e., σ IM = 0.02 and σ mod = 0.03. Uncertainties σ dam due to the ISD threshold value corresponding to slight damage were assumed to equal 0.4. The frequency ratios f 2 /f 1 for the T and L directions observed using earthquake data lead to a Timoshenko model which does not correspond to pure bending or shear models (Figs. 2  and 3 ). In addition to the C1H structural type initially considered, the C2H type is also considered, i.e., a RC shear wall building, also with a moderate design level. Consequently, two ISD thresholds corresponding to slight damage were considered in order to defi ne fragility curves: 0.0025 m/m for the C1H type and 0.0020 m/m for the C2H type (FEMA, 2003a) .
The experimental fragility curves displayed in Fig. 9 are very similar in both horizontal directions, the effects of the differences of the modal parameter (frequency and damping) on the fragility curves being reduced by considering the same σ mod . The largest difference comes from the choice of building type. For types C1H and C2H, fragility curve differences are signifi cant due to the differences in ISD threshold values. This observation confi rms the importance of building model knowledge as well as the importance of reducing σ dam in future analyses. Moreover, compared to Hazus fragility curves, smaller variabilities were observed, leading us to conclude that experimental data makes an effi cient contribution to seismic vulnerability assessment. The main gain is the reduction of epistemic uncertainties due to the model, and this approach can contribute signifi cantly to improving the vulnerability assessment of single existing buildings, for the slight damage state only. This solution improves the single-building vulnerability assessment since it does not require the selection of one generic fragility curve, for example provided by Hazus methodology and corresponding to one class of typology and with a large epistemic Since only ISD thresholds and σ dam provided by Hazus are available, the C2H and C1H fragility curves are considered here as being the upper and lower boundaries of the BRD slight damage probabilistic curve, which defi nes a fragility area represented in grey in Fig. 9 . The source of Hazus uncertainties can be considered as different from those defi ned in the methodology herein. The comparison displayed in Fig. 9 shows the gain provided by introducing experimental data in the defi nition of the building model. For example, for an S d (f 1 ) value equal to 0.1 m, the probability of at least slight damage is 57% ± 13%. According to the P100-1/2006 Romanian seismic design code (Fig. 10) , the values of spectral displacement at the fi rst frequencies of the BRD tower are S De (f 1T ) = 0.13 m and S De (f 1L ) = 0.09 m. These values provide slight damage probabilities between 25% and 49% (respectively between 74% and 89%) in the L direction (respectively in the T direction) for the design demand, corresponding to 475-year return period. In comparison, the strongest earthquake recorded in the structure is the October 27, 2004 earthquake (Table 1 ) that caused no damage to the BRD tower. For this earthquake, S d (f 1 ) were 0.24 cm (T) and 0.32 cm (L), corresponding to a P[d ≥ "slight"] of 0%. The comparison with the Vrancea earthquake and the Romania regulation should be confi rmed but at this step, the relevancy of the fragility curve provided for this building is roughly confi rmed.
Conclusion and perspectives
Seismic vulnerability analysis can be improved by reducing the uncertainties of fragility curves. One major source of such uncertainties is the lack of knowledge of building characteristics, causing a large range of epistemic uncertainties in fragility curves. Application to a large number of buildings becomes diffi cult and Calvi et al. (2006) concluded that most of the available methods fail to meet requirements.
This study shows how experimental testing may help to solve this challenge at least in part. Experimental data can be helpful for defi ning the elastic model of existing buildings, reducing epistemic uncertainties and then improving the empirical assessment of seismic vulnerability. In this study, earthquake data were used to defi ne the building model using a Timoshenko beam. The Anderson criteria (Anderson, 2004 ) allowed selection of the best model, based on goodness-of-fi t between synthetics and recorded data, and enabled distinction between two different behaviors in both horizontal directions. A simple procedure using only the two fi rst modal frequencies defi ned from ambient vibrations was then developed, which allowed construction of a theoretical MDOF model. The ambient vibrations approach requires only 15-minute recordings at the top of a building, which implies a large number of potential applications for assessing the seismic vulnerability of large cities. Since the model is relevant only for slight damage, this method becomes helpful in moderate seismic hazard prone countries where such earthquakes may cause slight to moderate damage and considerable economic losses, such as during the OssauArudy (1980, M L = 5.2) and Annecy (1996, M L = 4.8) earthquakes, which caused approximately €3 million and €45 million of damage, respectively, or during the moderate Canadian earthquake (Forks Sand, New York, April 20, 2002 , M w = 5.0) which caused $15 million in repairs (Pierre and Montagne, 2004) .
In this study, investigation of the uncertainties due to the choice of seismic intensity parameters and the variations of experimental models makes a signifi cant contribution to reducing the total uncertainty found in the literature. As expected, it was shown that for this damage state, the spectral values are the IM that are most representative to the noxiousness of the ground motion, considering interstory drift as a damage criterion. Uncertainties are equal to 0.02 for S d (f 1 ). Experimental model variations led to uncertainties of less than 0.03, which confi rms the effi ciency of this approach. These values must be compared with the total uncertainties of 0.7 provided by Hazus. Nevertheless the ideal method should also provide an assessment of uncertainty due to the damage criterion, which remains the main component of fragility curve uncertainty. Little information is available and most results are given based on numerical approaches or laboratory experiments. The need for experimental data, such as that provided by buildings under permanent monitoring, could help reduce this uncertainty. This study could benefi t future developments, such as proposing a hybrid method based on experimental testing for slight and moderate damage levels and modelling for the highest damage states.
In the case of a single building, such as the BRD tower analyzed here, this approach provides information on the model that can be relevant to fi xing the elastic conditions of a 3D numerical model used to study the inelastic response in the event of stronger shakings. Also, it gives a level 0 (fast and cheap) estimate of the vulnerability of a single existing building in order to predict whether the building will suffer at least slight damage in a ground motion scenario.
For buildings designed without seismic provisions, slight damage may be of signifi cant interest since the low ductility of existing buildings designed without seismic provision and building collapse occurs rapidly once the yield point is passed.
